The purposes of this study were to identify signaling pathways that were specifically activated in ATDC5 cells cultured on poly (2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) gel in insulin-free maintenance medium and to evaluate the significance of the determined signaling pathways in the chondrogenic differentiation induced by this gel. In this study, ATDC5 cells cultured on PAMPS gel using the maintenance medium without insulin (PAMPS Culture) were compared with cells cultured on polystyrene using the differentiation medium containing insulin (PS-I Culture). The microarray analysis, Western blot analysis, and 
Introduction
Articular cartilage defects are frequently made from trauma, various joint diseases, and age-related degeneration, and result in osteoarthritis of joints. It has been commonly accepted that articular cartilage tissue cannot regenerate in vivo. 1, 2 Therefore, a number of investigations have studied methods to restore defects with tissue-engineered cartilage-like tissue or cell-seeded scaffold material to repair osteochondral defects. [3] [4] [5] [6] However, functional repair of articular cartilage defects still remains a major issue in tissue regeneration medicine.
We have investigated an originally developed double-network (DN) hydrogel as a potential biomaterial to develop an innovative therapeutic method for cartilage repair; 7 this DN hydrogel is composed of poly(2-acrylamido-2-methylpropanesulfonic acid) (PAMPS) and poly(N,N'-dimethylacrylamide) (PDMAAm), and is resistant to biodegradation without any acute or sub-acute toxicity 8, 9 as well as it is able to enhance chondrogenic differentiation of ATDC5 cells in in vitro conditions. 10 Further, we have found that implantation of a PAMPS/PDMAAm DN gel plug induces hyaline cartilage regeneration within 4 weeks in vivo in a large osteochondral defect created in the rabbit knee. 10 The two independently cross-linked polymer networks in the DN gel are physically entangled with each other. The PAMPS network in the DN gel is negatively charged and has a sulphonic acid base, being similar to proteoglycans in normal cartilage. Ogawa et al. 11 established that the PAMPS gel has the ability to induce hyaline cartilage regeneration in vivo.
However, the mechanism of how the synthetic PAMPS gel induces chondrogenic differentiation in vivo remains unclear. It is urgently needed to elucidate this mechanism to become able to apply the above-described discovery in novel therapeutic methods to repair osteochondral defects without cultured cells or mammalian-derived scaffolds. 12 The present study attempts to elucidate the in vitro mechanism as to why the synthetic PAMPS gel can induce chondrogenic differentiation by using murine ATDC5 cells, representing a chondroprogenitor clone, for the following two reasons. First, the ATDC5 cell line has been utilized as a reproducible model cell line for chondrogenic differentiation studies because of its excellent characteristics including easy culture, rapid proliferation, and undifferentiation maintenance and homogeneity under usual culture conditions, 13 even though it needs stimulation with insulin to undergo chondrogenic differentiation. 14 Second, our previous in vitro study
showed that the PAMPS gel can induce chondrogenic differentiation of ATDC5 cells even in an insulin-free maintenance medium. 15 Here, we conducted an in vitro study using a microarray analysis of mRNA expression together with computer-based signal-pathway analyses, Western blot analysis of candidate molecules, and real-time PCR analysis of the targets. The first purpose of this study was to identify signaling pathways that were specifically activated in the ATDC5 cells cultured on the PAMPS gel in the insulin-free maintenance medium and compare the results with culturing on polystyrene (PS) in insulin-supplemented differentiation medium. The second purpose was to evaluate the significance of the determined signaling pathways in the chondrogenic differentiation induced by the PAMPS gel by using a specific inhibitor for the pathway.
Materials and Methods

Preparation of PAMPS gel
2-acrylamido-2-methylpropanesulfonic acid (AMPS; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) and 2-oxoglutaric acid (Wako Pure Chemical Industries, Ltd, Osaka, Japan) were used as purchased. N,N'-methylenebisacrylamide (MBAA; Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was purified by recrystallization from ethanol. PAMPS gel was synthesized by radical polymerization using MBAA as a cross-linker and 2-oxoglutaric acid as an initiator. The monomer concentration was 1 mol/l for PAMPS, 4 mol% for the cross-linker, and 0.1 mol% for the initiator. Aqueous solution containing a monomer, cross-linker, and the initiator was injected into a cell consisting of a pair of glass plates separated by a silicone rubber. After gelation, gels were immersed in 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; Sigma-Aldrich, St. Louis, MO, USA) buffer solution [NaHCO 3 1.55 x10 -2 M, HEPES 5 x 10 -3 M, NaCl 0.14 M, pH 7.4] and the HEPES solution was changed twice daily for 1 week to reach equilibrium. After sterilizing by autoclaving (120 ºC, 20 min), gel disks were punched out from a gel sheet with a hole punch having a diameter of 1.5 or 3.5 cm. The thickness of the gel disk was approximately 2 mm. The gel disks were then placed at the bottom of 6-well or 24-well PS plates.
Study design
The series of experiments described below were performed to identify the specific signaling pathways in the chondrogenic differentiation induced by PAMPS gel. 
Real-time PCR analysis
Total RNA was extracted from the cells, using the RNeasy mini kit (Qiagen, Valencia, CA). RNA quality from each sample was assured by the A260/280 absorbance ratio. The RNA was reverse-transcribed into single strand cDNA using PrimeScript RT reagent kit (TakaraBio, Ohtsu, Japan). The sequences of primers used in real-time PCR analyses were shown in Table 2 .
The real-time PCR was performed in a Thermal Cycler Dice TP800 (TakaraBio, Ohtsu, Japan)
by using SYBR Premix Ex TaqTM (TakaraBio, Ohtsu, Japan). The cDNA template (5 ng) was used for real-time PCR in a final volume of 25µl, and cDNA was amplified according to the following conditions: 95 ºC for 5 sec and 60 ºC for 30 sec at 40 amplification cycles.
Fluorescence changes were monitored with SYBR Green after every cycle. A dissociation curve analysis was performed (0.5 degrees Celsius/sec increase from 60 to 95 ºC with continuous fluorescence readings) at the end of cycles to ensure that single PCR products were obtained.
The results were evaluated using the Thermal Cycler Dice Real Time System software program (TakaraBio, Ohtsu, Japan). The delta-delta-Ct algorithm was used to analyze the relative changes in gene expression. 19 The gene expression level was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
Statistical analysis
All data were described as the mean and standard deviation values. The mean value of gene expression was compared among the three groups using the one-way analysis of variance 
Microarray analysis to determine signaling pathways significantly enhanced the chondrogenic differentiation induced by PAMPS gel
The gene expression results obtained with the microarray (see supplemental material)
were further examined by clustering analysis. As shown in Figure 2 , a specific gene expression profile was observed in the PAMPS Culture. In the clustering analysis, the 3 PAMPS Culture samples clustered separately from both the PS and PS-I Cultures as indicated by the dendrogram.
GSEA following the DNA microarray analysis showed the signaling pathways to be significantly enhanced in the PAMPS Culture at Days 1, 2, and 3, over that with the PS and PS-I Cultures (Table 3 shown in Figure 4 . The pathway analysis showed that the BMP4 gene, as well as the Inhba, Ltbp1, Fst, Thbs1, Smad6, and Serpine1, were expressed by 2-fold or more in the PAMPS Culture, compared with PS-I Culture.
Expression of BMP4 mRNA in chondrogenic differentiation induced by PAMPS gel
Among the highly expressed genes in the pathway analysis, we considered BMP4 further, as BMP4 is known as the most upstream molecule in the TGF-β/BMP signaling pathway for chondrogenesis. 20 The expression level of BMP4 mRNA was significantly greater in the PAMPS Culture than in the PS and PS-I Cultures at Day 1 (p<0.0001 and p<0.0001, respectively) and Day 3 (p=0.0001 and p<0.0001, respectively) ( Figure 5 ).
Effect of application of an inhibitor of the BMP receptor on the TGF-β/BMP signaling pathway enhanced by PAMPS gel
We investigated whether application of an inhibitor for the BMP receptor inhibited the TGF-β/BMP signaling pathway in PAMPS Culture. First, the phosphorylation level of Smad1/5
as an indicator to monitor the degree of inhibition was investigated. As there is the possibility that the increase in the phosphorylation level of Smad1/5 described above may be a short-term alteration caused by ultradian oscillation of Smad, 21 the phosphorylation of Smad1/5 was measured together with the protein amounts at 6, 12, 24, 36, 48, 60, and 72 hours, using Western blot analysis ( Figure 6 ). The phosphorylation levels of Smad1/5 were gradually increased in the PAMPS Culture. The results of the ANOVA demonstrated that there was a significant difference in the phosphorylation levels of Smad1/5 in the PAMPS and PS Cultures (p=0.0001) ( Figure 6 ).
The post-hoc test showed that there was a significant difference at each period after 36 hours Previously, it has been established that the PAMPS gel can induce chondrogenic differentiation in ATDC5 cells in vitro even in insulin-free maintenance medium 14 and cartilage regeneration in an osteochondral defect in vivo. 11 However, the mechanism of how the synthetic gel functions in this manner has been unknown. The present study clarified that that the PAMPS gel can activate the TGF-β/BMP signaling pathway, which plays important roles in the chondrogenic differentiation of mesenchymal stem cells. [22] [23] [24] [25] It is known that the BMP family plays significant roles in cartilage generation. [26] [27] [28] Further that the BMP4, which was investigated in the present study, is known as a strong stimulator of chondrogenesis both in vitro and in vivo, and it has recently attracted much attention as a potential therapeutic agent for cartilage regeneration.
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The present study has provided information to explain parts of the mechanism as to how the synthetic PAMPS gel is able to induce chondrogenic differentiation and regeneration as reported in previous studies by the authors. Western blot analysis, but this discrepancy in the expression patterns between protein and mRNA may be explained by the post-transcriptional regulation of the gene expression. [48] [49] [50] However, there is a strong possibility that these pathways play significant roles in the chondrogenic differentiation of ATDC5 cells, and it will be necessary to conduct further studies to determine this.
Among the up-regulated pathways, the inflammatory response pathway was also significantly enhanced in the PAMPS Culture. Based on the microarray data, several genes of 
